INTRODUCTION {#SEC1}
============

Inverted repeats (IRs), two arms of repeated DNA sequences with one arm being reverse complemented relative to the other, are common in eukaryotic genomes. IRs and their subgroup, palindromes, in which two arms of IRs are separated by less than a few base pairs, can cause gross chromosomal rearrangements (GCRs), in particular, large inverted duplications of chromosomal segments. Large inverted duplications are abundant in human cancer genomes and are considered to be initial chromosomal structures that lead to the increase in gene copies at very high level (genomic amplification; ([@B1])). Therefore, understanding how IRs promote the inverted chromosomal duplications and how inverted chromosomal duplication lead to high-copy genomic amplification has significant implications for both chromosome biology and disease etiology.

Several experimental systems have been developed to study how IRs promote large inverted duplications in yeasts ([@B2]). Narayanan *et al.* showed that the insertion of 320 bp inverted repeat into a chromosome in *Saccharomyces cerevisiae* induces GCRs, including inverted duplications of chromosomal segments ([@B2]). This duplication is likely initiated by the extrusion of 320 bp inverted repeats to form a cruciform-like structure, followed by the resolution of the cruciform. Replication of the resulting hairpin-capped chromosome completes inverted duplication. Mizuno *et al.* employed the inducible replication fork barrier next to an ectopic inverted repeat of a few-kb and showed that restarted replication forks frequently make U-turns at the inverted repeat and initiate inverted duplication in *S. pombe* ([@B3],[@B5]). Inverted duplication can also be generated when a DNA double-strand break occurred next to an IR. This process occurs during developmentally-programmed chromosome rearrangements in *Tetrahymena*, in which a 42 bp IR is required for the formation of inverted dimer carrying ribosomal RNA genes. Following the 5′ to 3′ resection, a broken chromosome end anneals intra-molecularly between inverted repeat sequences and initiates DNA synthesis (foldback priming) to generate a hairpin-capped chromosome, the replication of which results in inverted duplications. Although this is a developmentally-programmed inverted duplication in *Tetrahymena*, somatic inverted duplication following foldback priming from either a natural or experimentally-induced chromosome break has been demonstrated in several yeasts and mammalian cell systems. Most recently, Deng *et al.* have shown that small inverted repeats (5--9 bp) are sufficient to initiate foldback priming and inverted duplication ([@B6]). In mammalian cells, IRs with either 229 or 79 bp of homologies between the arms promote inverted duplications more efficiently than small IRs ([@B7]).

Inverted duplication of a hairpin-capped chromosome can result in either isochromosome with two centromeres (dicentric chromosomes) or ones without centromeres (acentric chromosomes). Acentric chromosomes can accumulate in a cell by unequal segregation, as it is proposed for gene amplification by double minute chromosomes (DMs) in cancer cells. Dicentric chromosomes can lead to genomic amplification through breakage-fusion-bridge (BFB) cycles ([@B8]). During chromosome segregation, each centromere is pulled to opposite pole, resulting in a break somewhere between centromeres. This *de novo* break can be processed for subsequent foldback priming, followed by the formation of a hairpin-capped chromosome and inverted duplication. In each cycle, a random break between two centromeres creates the imbalance of genetic material between daughter cells: a segment close to the break will be duplicated in one daughter cell and deleted in the other daughter cell. If the segment harbors an oncogene, duplication of the segment would be beneficial to tumor cell growth and promote clonal expansion. BFB cycles are a prevalent mechanism for the amplification of *ERBB2* oncogene that goes up to as many as 50 copies ([@B9],[@B10]). However, detailed investigations would be required to determine whether BFB cycle alone can produce such a high-copy amplification. Broken ends generated during BFB cycles can be stabilized by invading into other chromosomes and initiating break-induced replication (BIR) toward the end of the chromosomes, where telomeres will be added to the broken ends. If telomere is added to the broken end after a few cycles, BFB cycles will cease and copy number gains would be limited.

To address the questions, we have focused on a rapid gene amplification mode, rolling-circle replication (RCR), and have developed RCR-based model systems in yeast or mammalian cells ([@B11],[@B12]). These RCR-inducible systems could produce extra-/intra-chromosomal amplifications as observed in cancer cells and drug-resistant cultured cells. Furthermore, the RCR processes involved intensive rearrangements, such as inversions and deletions, and we demonstrated the direct association between RCR and intensive rearrangements using yeast 2μ plasmid ([@B13]). The RCR-dependent rearrangement was the first mechanistic description of the evolution of intra-chromosomal amplicon, strongly suggesting that RCR play an important role in the late-stage of gene amplification in mammalian cells.

These previous studies indicated that IRs play a critical role in both palindromic gene amplification and RCR-based amplification. Despite the role of IRs in both processes, little is known about the interaction between palindromic gene amplification and RCR. The synergy between the two processes would promote high-copy genomic amplification. To test the possibility, we placed complex inverted structures in a yeast chromosome and studied the natural amplification processes. We found that (i) the IRs are associated with replication stress; (ii) amplification is initiated by palindromic duplication via the IRs; (iii) the resulting repetitive structures cause RCR through tandem pairs of the repeat. Thus, IRs play multiple roles in genomic amplification.

MATERIALS AND METHODS {#SEC2}
=====================

Yeast strains {#SEC2-1}
-------------

Yeast strain LS20 was used as the parental host strain, whose genotype and genomic are described previously ([@B14]). Plasmids for creating complex repeat structures were constructed as indicated in [Supplementary Figures S6 and S7](#sup1){ref-type="supplementary-material"}. The engineered genomic region was used for gene amplification systems in our previous works ([@B11],[@B12]). The 3.1-kb sequence partially overlaps only with the IRC7 gene, which is not deleted or mutated. Although the amplicons can express Irc7p (intra-/extra-chromosomal products) and a putative protein of unknown function, Yfr057w (extra-chromosomal), there is no apparent effect on growth, viability, and morphology in this work and our previous works ([@B11],[@B12]). To construct mutant strains, yeast knockout clones were purchased from Open Biosystems and each kanMX cassette was PCR-amplified with primers listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Cells were transformed with the PCR fragments for targeting using Frozen-EZ Yeast Transformation II Kit (Zymo Research) and selected with 200 or 300 μg/ml of G418.

Selection of yeast cells with gene amplification {#SEC2-2}
------------------------------------------------

The FRFR/FFFR cells were grown in synthetic medium containing 2% glucose, lacking uracil and lysine (nonselective medium) to mid-log phase, harvested by centrifugation, washed twice with sterile distilled water, and plated at various dilutions onto equivalent medium lacking leucine and tryptophan (selective medium). The nonselective and selective media for the FRF/FFF/RRF cells contain lysine and tryptophan, respectively. Cells were also plated onto the nonselective medium to measure the number of viable cells. Cells were grown at 25°C. Colonies were counted after 5 or 6 days of growth.

Gel electrophoresis and Southern analysis {#SEC2-3}
-----------------------------------------

Pulsed-field gel electrophoresis was performed as described previously ([@B12]). The auto-algorithm mode of the CHEF Mapper XA system was used with the size range of 150--800 kb (Figures [1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"} and [5](#F5){ref-type="fig"}, [Supplementary Figure S3B and C](#sup1){ref-type="supplementary-material"}) and 10--60 kb (Figure [4A](#F4){ref-type="fig"}, [Supplementary Figures S2A, C and S3A](#sup1){ref-type="supplementary-material"}). Two-dimensional gel electrophoresis was carried out as described previously ([@B15]). Southern analyses were performed with DIG labeling and detection systems (Roche) according to the manufacturer\'s instructions. Probes were labeled using PCR DIG Probe Synthesis Kit (Roche). Hybridization, washing, and detection were performed using DIG Easy Hyb and DIG Wash and Block Buffer Set (Roche).

![Intra-/extra-chromosomal amplification produced from a complex IR structure. (**A**) Schematic structures of FR and FRFR constructs. The *leu2d* and *trp1d* genes are amplification markers. A 3.1-kb genomic sequence (gray arrow) was PCR-amplified to construct IR structures. The frequency of Leu+ (for FR) or Leu+Trp+ (for FRFR) colony formation was plotted. (**B**--**D**) Southern blots of chromosomal DNA with the *leu2d* probe (B), telomeric probe (C), or centromeric probe (D). The samples marked in red and green indicate intra- and extra-chromosomal products, respectively. The gray lane showed no sign of amplification, suggesting Leu+ conversion between the *leu2d* marker and the mutated original *leu2* allele on chr III. Black asterisks on the right side of panels indicate separation limit under the PFGE-condition. M: *S. cerevisiae* marker; P: the parental strain, LS20; NS: non-selective conditions; EC: extra-chromosomal products.](gky275fig1){#F1}

Array CGH analysis {#SEC2-4}
------------------

Genomic DNA from colony \#17 and the parental strain, LS20, was extracted using DNeasy Blood & Tissue Kit (Qiagen). The extracted DNA was fluorescently labeled, hybridized onto Nimblegen 385K array for *S. cerevisiae*, and scanned by Hokkaido System Science.

RESULTS {#SEC3}
=======

Inverted structures constructed in a yeast chromosome produced extra- and intra-chromosomal amplification {#SEC3-1}
---------------------------------------------------------------------------------------------------------

To examine the role of IRs in initiating gene amplification, we first constructed yeast strains that harbor IRs with amplification markers in chromosome VI (FR and FRFR haploid strains, Figure [1A](#F1){ref-type="fig"}, left). To effectively mimic inverted repeats formed during BFB cycles or found in eukaryotic genomes, we inferred that several kilobase-size fragments were required for the repeat structures. The repeat length of IRs is 3.1 kb, while the spacers between repeats are ∼3 kb in size. The amplification markers with truncated promoters, *leu2d* and *trp1d*, can complement leucine and tryptophan auxotrophy when amplified, respectively ([@B16]). Two strains were constructed. The FR strain has IRs with the *leu2d* marker between the repeats. The FRFR strain has two pairs of IRs; the pair on the centromeric side carries the *leu2d* marker, whereas the pair on the telomeric side carries the *trp1d* marker. There are no essential genes between the IRs and telomere (4.4 kb), so the genomic environment does not affect the rearrangement frequency.

The FRFR strain formed 4.3 ± 2.0 colonies per 10^6^ plated cells on leucine/tryptophan-omitted plates, while the FR construct produced ∼8.0-fold fewer colonies under Leu- selection (5.4 colonies per 10^7^ plated cells, Figure [1A](#F1){ref-type="fig"}, right). Next, the colonies from FRFR strain was analyzed by Southern hybridization of uncut DNA separated by pulse-field gel electrophoresis (PFGE, Figure [1B](#F1){ref-type="fig"}). Under non-selective conditions (NS, Leu+/Trp+ plates), the *leu2d* probe detects the modified chromosome VI (∼290-kb) in addition to chromosome III (∼360-kb) carrying *leu2* fragments in the parental host strain, LS20 ([@B14]). In contrast, two types of products with increased signal intensities were seen under Leu-/Trp- selection. The samples with 30- to 40-kb *leu2d* products (green lanes) retained the modified chromosome VI (∼290-kb), suggesting that additional small chromosomes harboring *leu2d* accumulate extra-chromosomally in a cell (extra-chromosomal amplification). The samples marked in red showed strong *leu2d* signals above the separation limit and at the well position and lost the signals from the chromosome VI (∼290-kb), indicating extensive amplification within chromosome VI (intra-chromosomal amplification). The repeat structure also produced some variation of survivors. We assume that the clone 22 underwent gene conversion between the original *leu2* on chromosome III and the *leu2d* gene in the constructed repeats. For clone 24, we speculate the extra-chromosomal amplification was accompanied by a subsequent deletion of the *leu2d* gene from chromosome VI.

Intra-chromosomal amplification by BFB cycles {#SEC3-2}
---------------------------------------------

To precisely map the amplified genomic segments (amplicons), we designed probes on the telomeric (YFR057W) and centromeric (*RET2*) side of the IRs to determine the co-amplification of the flanking genomic segments (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The extra-chromosomal products (green) exhibited signals with high intensity with the telomeric probe, indicating that the telomeric segment is co-amplified. In contrast, intra-chromosomal amplicons carried neither of probes at high intensity; the telomeric probe does not hybridize to any fragments, whereas weak signals were detected both at wells and at above the resolution limit with the centromeric probe. This suggests that the high-copy amplification in intra-chromosomal products would be limited within the segment flanked by two IRs.

To understand the mechanism underlying intra-chromosomal amplification, we used array comparative genome hybridization (CGH) and examined genome-wide copy number alterations (Figure [2A](#F2){ref-type="fig"}). From the genome-wide view, we noticed very high-level amplification of markers that are ectopically inserted between two IRs, *leu2* (chr III), *URA3* (chr V), *LYS5* (chr VII) and *ADH1* terminator (chr XV), along with the copy number gain of chromosome VI. By a closer look at chromosome VI, we noticed the terminal deletion between the IRs and the telomere, which is consistent with the results from Southern blotting. (Please note that any probes for chromosome VI do not hybridize with the ectopically-inserted metabolic markers.) Furthermore, the centromere-proximal regions showed copy number gains. The 350-kb region immediately centromeric to the IRs is amplified (green in Figure [2A](#F2){ref-type="fig"}, bottom), while the 500 kb region further centromeric to the amplified region suggests copy number gain in a small sub-population of cells (light green). The terminal deletion with the amplification of centromere-proximal segments has been attributed to palindromic duplication initiated by a chromosome break. Palindromic duplication of the rest of chromosome VI would generate a chromosome with two centromeres. Dicentric chromosome will cause a break during chromosome segregation, which could initiate another rearrangement. The centromeric boundary of the 350-kb region contains short palindromic sequences that potentially form a hairpin-capped end following a chromosome break under near-physiological conditions (Figure [2B](#F2){ref-type="fig"}). A chromosome with a hairpin-capped end becomes palindromic duplication after DNA replication. The repeated palindromic duplication within the chromosome VI strongly suggests the history of breakage-fusion-bridge (BFB) cycles. The lower copy number gain may result from an alternative or additional BFB event in a small subpopulation.

![An array CGH analysis of an intra-chromosomal product. (**A**) DNA from colony \#17 was co-hybridized with DNA from the parental strain, LS20, to a *S. cerevisiae* CGH microarray. Genome-wide overview (top) and the enlarged chrVI (bottom) are shown. The FRFR structure is flanked by copy number gains and telomeric deletion. Note that *TRP1* gene is deleted in the parental strain, LS20, so that no peak for the *trp1d* gene was detected. (**B**) A potential hairpin structure for chromatid fusion in BFB cycle. The dicentric chromosome is illustrated based on the array CGH profile. The 200 bp region around the boundary (red dotted line) contains a palindromic pair of sequences, which could form a hairpin structure (*T*~m~ = 32.2°C) after resection of the DSB end. The hairpin capped end and next round of DNA replication form a dicentric chromosome with copy number gain.](gky275fig2){#F2}

Very frequent recombination within amplicons indicates the involvement of rolling-circle replication {#SEC3-3}
----------------------------------------------------------------------------------------------------

The markers located between IRs amplified at a much higher level than amplicons at chromosome VI. To understand the underlying mechanisms of additional amplification, we next analyzed the structure of amplified products in detail using Southern hybridization of BamHI-digested DNA (Figure [3A](#F3){ref-type="fig"}). Only one BamHI site is located within the IRs (Figure [3B](#F3){ref-type="fig"}, top), providing clear structural information.

![Characterization of amplified chromosomal structures. (**A**) Southern blot of *Bam*HI-digested DNA with the *leu2d* probe. The samples in Figure [1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}, are digested with *Bam*HI. The samples marked in red and green indicate intra- and extra-chromosomal products, respectively. The sample marked in light gray showed no sign of amplification, suggesting Leu+ recombination between the *leu2d* marker and the mutated original leu2 allele on chr III. M: *S. cerevisiae* marker; P: the parental strain, LS20; NS: non-selective conditions. (**B**) A predicted process for intra-chromosomal amplification. The replication-based event forms a dicentric chromosome followed by BFB cycles, producing a chromosomal break that can initiate RCR. (**C**) Predicted structure of RCR-amplification products associated with intensive rearrangements. RCR-amplification could form an original repeat array that produces 24.4-kb *Bam*HI-fragments. RCR-associated inversions and deletions produce rearranged *Bam*HI-fragments (12.2, 15.3, 27.6, 36.8, 39.8 kb). IRs engaged in the inversions are marked with red bars. (**D**) A predicted process for extra-chromosomal amplification. The replication-based rearrangement event between IRs marked with a bracket forms a 43-kb extra-chromosome. The *Bam*HI-map indicates a *leu2d*-containing fragment (black) and a non-hybridizing fragment (gray).](gky275fig3){#F3}

Unexpectedly, intra-chromosomal products showed several amplified *Bam*HI fragments with distinct sizes (12, 15, 24, 28, 37, 40-kb), among which the 24 kb fragments are most commonly shared between clones (11/14 clones). Such variations of band pattern were observed in our previous amplification system based on rolling-circle replication (RCR; ([@B11],[@B12]), and we demonstrated that RCR frequently induces recombination on yeast 2μ plasmids ([@B13]). From these facts, we hypothesize that a broken end generated during BFB cycles can initiate RCR by the invasion of repeat (a) into repeat (b) (Figure [3B](#F3){ref-type="fig"}). The resulting 24-kb repeat units contain a variety of direct or inverted repeats (Figure [3C](#F3){ref-type="fig"}). Recombination between repeats can cause deletion, duplication, or inversion, and thus the multimer of the 24-kb unit could be an ancestor of other amplified *Bam*HI fragments.

As an example, an inversion between two distantly located repeats can create a 40-kb unit (Figure [3C](#F3){ref-type="fig"}, top right), and a deletion between two direct repeats crossing a BamHI site can create a 37-kb unit (top left). A 28-kb band can be efficiently produced by an inversion through nearby long homologous sequences in an inverted orientation (bottom left). Furthermore, another case of inversion between two distantly located repeats can create a 15-kb unit (bottom center), and a deletion occurring within the primary 24-kb unit can create a 12-kb unit (bottom right). This structural variation of amplicon among clones is also observed in RCR-amplified clones ([@B12]) and cancer cells ([@B17]), supporting the notion that the hyper-amplification and associated amplicon evolution are achieved by RCR following BFB cycles.

In clones 19 and 28, smaller *Bam*HI fragments (15 and 12 kb) are more prominently amplified than the 24-kb fragment (Figure [3A](#F3){ref-type="fig"}). These clones underwent two independent events for *leu2d* and *trp1d* amplification. As shown in [Supplementary Figure S1B and C](#sup1){ref-type="supplementary-material"}, the invasion of repeat (a) into repeat (b) could generate 12-kb BamHI repeat units, and inversions across the units can generate 15-kb fragments. Independently of the *leu2d* amplification, linear (clone 19, described later) or circular (clone 28) extra-chromosomes were formed ([Supplementary Figure S1B--D](#sup1){ref-type="supplementary-material"}).

The majority of the extra-chromosomal amplicon (green) produces ∼23-kb BamHI fragments (Figure [3A](#F3){ref-type="fig"}). This product can arise through a U-turn of replication fork originated from the telomeric side (ARS610), generating 43-kb acentric mini-chromosomes. ((Figure [3D](#F3){ref-type="fig"} and [Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). The smaller (10 kb) BamHI fragment can arise from the 43-kb mini-chromosomes by the deletion between direct repeats (clone 24). Alternatively, a U-turn replication *via* the most-centromeric and most-telomeric repeats can produce the 30-kb extra-chromosomes ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}, clone 3).

Complex inverted structures promote hyper-amplification process and shape amplicon structures in response to genetic selection {#SEC3-4}
------------------------------------------------------------------------------------------------------------------------------

IRs are a potent trigger for the formation of dicentric chromosomes that can initiate BFB cycles, and thereafter hyper-amplification by RCR requires a direct repeat on the dicentric chromosome. Hence, forms of complex repeat structures could determine whether and how the hyper-amplification events proceed. To clarify the structural requirement for hyper-amplification, we constructed four additional strains (Figure [4A](#F4){ref-type="fig"}, left). The FFFR strain has both *leu2d* and *trp1d* markers, but *leu2d* is franked by direct repeats. Other three strains FRF, FFF and RRF only have the *leu2d* marker and three repeats. While FRF and RRF retain one pair of IR, three repeats are aligned as direct repeats in FFF.

![Analysis of amplification products from variants of repeat structure. (**A**) Schematic structures of FFFR, FRF, FFF and FRFR constructs. The *leu2d* and *trp1d* genes are amplification markers. A 3.1-kb genomic sequence (gray arrow) was PCR-amplified to construct IR structures. The frequency of Leu+ (for FR) or Leu+Trp+ (for FRFR) colony formation was plotted. (B--E) Southern blots of chromosomal DNA from FFFR (**B**), FRF (**C**), FFF (**D**) and RRF (**E**). The samples marked in red and green indicate intra- and extra-chromosomal products, respectively. The gray lanes showed no sign of amplification, suggesting Leu+ recombination between the *leu2d* marker and the mutated original *leu2* allele on chr III. The blue samples suggest moderate copy number increase of the *leu2d* gene likely through unequal sister chromatid exchange. The yellow samples possibly contain a fusion between chromosome VI and III, which cause Leu+ recombination between the *leu2d* marker and the mutated original *leu2* allele on chr III. Black asterisks on the right side of panels indicate separation limit under the PFGE-condition. M: *S. cerevisiae* marker; P: the parental strain, LS20; NS: non-selective conditions; EC: extra-chromosomal products.](gky275fig4){#F4}

These strains were selected for the amplification of *leu2d* and the structure of amplified *leu2d* and surrounding genomic regions were analyzed by PFGE-Southern analysis. First, the FFF strain produced few colonies in the plates lacking leucine, suggesting that at least one pair of IR is needed for amplification to occur efficiently (Figure [4A](#F4){ref-type="fig"}, right). Second, extra-chromosomal amplification was predominant and intra-chromosomal amplification became a minor class. In contrast to 54% (14/26) of colonies in FRFR strain, less than 23% of colonies harbored intra-chromosomal amplification: 5/26 colonies in FFFR, 4/35 colonies in FRF and 8/35 colonies in RRF strain (Figure [4B](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"}). The extra-chromosomal amplicons are small, \<50 kb in size and have telomeric sequences, consistent with the linear dimer structure with telomere on both ends ([Supplementary Figures S2 and S3A](#sup1){ref-type="supplementary-material"}).

Intra-chromosomal amplicons are classified into three categories. First, the FRF strain showed hyper-amplification that generates 12- and 15-kb BamHI-fragments, strongly suggesting the involvement of RCR ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Second, the FFF and RRF constructs produced intra-chromosomal amplification as light smear signals, indicating the lower stability of amplified regions. The 6-kb BamHI-fragment suggests that RCR formed the tandem repeats ([Supplementary Figures S2A, S3C and D](#sup1){ref-type="supplementary-material"}). The FFF would require a spontaneous chromosome break to initiate RCR, while the palindromic duplication by IRs in RRF promotes RCR initiation ([Supplementary Figure S3C and S3D](#sup1){ref-type="supplementary-material"}). Third, moderate level of intra-chromosomal amplification in FFFR showed heterogeneous patterns of BamHI-fragment and copy number gains of the centromeric region (RET2, [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). This observation suggests that BFB cycles experienced fold-back priming at endogenous IRs in the centromeric side of inserted IRs. The BamHI-digestion patterns of intra-chromosomal FFFR products were distinct from those of RRF ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), although these strains have a structural similarity (direct repeats with a single IR). A key difference between these strains is the selection method; the FFFR strain was selected on Leu-/Trp- plates and the RRF on Leu- plates. Thus, complex repeat arrangements and genetic selection can generate a variety of amplicon. Furthermore, these results support the notion that multiple IRs facilitate efficient RCR and stable maintenance of amplified regions.

These repeat structures also produced other types of surviving colonies ([Supplementary Figure S2D--G](#sup1){ref-type="supplementary-material"}); probably through Leu+ conversion (gray lanes), moderate amplification via unequal sister chromatid exchange (blue lanes), and Leu+ recombination forming a fusion chromosome III-VI (yellow lanes). These strains, containing different sets of amplification markers, were selected in a different way; the RRF selected on Leu- plates and the FFFR on Leu-/Trp- plates. Thus, in response to the difference in genetic selection, complex inverted structures diversely shape amplicon structure.

Chromosomal rearrangements in the constructed repeats were independent of homologous recombination pathways {#SEC3-5}
-----------------------------------------------------------------------------------------------------------

Similar types of amplification were produced in the systems we previously constructed, by using inducible chromosome breaks within repeats ([@B11]) or association between replication and inducible recombination ([@B12]). Additionally, other groups showed that fusions of nearby inverted repeats formed acentric and dicentric chromosomes, depending on homologous recombination proteins ([@B3],[@B5],[@B18]) or based on a model, faulty switching of replication templates ([@B4],[@B19],[@B20]). We here carried out genetic analysis to better understand molecular mechanisms for the amplification processes. We first examine the role of homologous recombination process, which engages in a wide range of genomic rearrangement between direct repeats, invited repeats and sister chromatids ([@B21]). Deletion of core homologous recombination (HR) factors, *RAD52* or *RAD51*, had little impact on the frequency of colony formation (Figure [5A](#F5){ref-type="fig"}, green), but the products in the *rad52* mutant were exclusively extra-chromosomal (Figure [5B](#F5){ref-type="fig"}). The lack of intra-chromosomal product suggests that Rad52 is required in any step in intra-chromosomal amplification, such as BFB cycles.

![Genetic analysis of gene amplification from the FRFR construct. (**A**) Frequencies of colony formation in indicated mutants with the FRFR construct. Mutations were introduced into the FRFR strain and evaluated the colony formation relative to the FRFR strain. Means and medians from three independent experiments were shown as box plots. A paired t-test is used to evaluate the mutations in the amplification events (\**P*\< 0.05, \*\**P*\< 0.01). (**B**) Types of amplification products in mutants. Representative colonies were analyzed by Southern hybridization with the *leu2d* probe as in Figure [1B](#F1){ref-type="fig"}. The numbers of identified products are indicated. (**C**) Repeat-associated replication stress assessed by 2D analysis. The analyzed region is derived from the original chromosome VI. The late-firing origin ARS609 is more efficient than the telomere-proximal origin ARS610. (**D**) A possible model generating acentric/dicentric chromosomes. (Top) Replication fork from origins on the telomeric (left) and centric (right) side. Inverted structures are shown above the replication forks. Replication fork slowdown could cause fork regression potentially, which can be resolved by the Mus81 endonuclease. The regressed forks could be resected by an exonuclease and invade into an ectopic inverted sequence. The intermediates of ectopic invasion may be resolved by Rad27 (yeast *FEN1*). Steps linking dicentric chromosomes to intra-chromosomal amplification require a recombinational pathway involving Mus81 and Rad52. (**E**) Colony formation and product type from a *Δpol32* mutant. Means and standard deviations are indicated.](gky275fig5){#F5}

Complex inverted repeats were associated with replication stress {#SEC3-6}
----------------------------------------------------------------

We next focused on another cause of chromosomal rearrangement, DNA replication stress. Repetitive sequences, such as triplet repeats and palindromic inverted Alu sequences, have been shown to stall replication forks ([@B24]). To monitor replication fork movement across the dispersed repeats with kilobase-sized spacers, we used two-dimensional (2D) agarose gel electrophoresis ([@B15]). There are two replication origins on each side of this region. The late-firing origin ARS609 is more efficient than the telomere-proximal origin ARS610 ([@B30]). The hybridization probe specifically detected the identical XhoI fragments from the FRFR and parental strain. The parental strain showed an even Y-arc signal, indicating that replication forks passed this segment without a problem (Figure [5C](#F5){ref-type="fig"}). In contrast, the large Y-arc was more intense than the small one in the FRFR strain, indicating replication stress within the FRFR repeats. Furthermore, the FFF strain also showed the accumulation of large-Y molecules (Figure S4A), suggesting that complex repeat structures, regardless of their orientation, could be associated with replication stress, leading to genome rearrangement or gene amplification.

Stalled forks are generally protected or stabilized by checkpoint proteins, mutations of which can cause collapsed forks and deleterious chromosomal rearrangements ([@B4],[@B19],[@B31]). Consistently, in the strain lacking a checkpoint kinase Chk1, we observed the 4-fold increase of colony formation (Figure [5A](#F5){ref-type="fig"}, blue). The distribution of intra- and extra-amplification was not affected by the *CHK1* deletion (Figure [5B](#F5){ref-type="fig"}), suggesting that collapsed forks could become substrates for both types of amplification.

Repeat-mediated chromosomal rearrangements were suppressed by structure-specific nucleases, Mus81 and Rad27 {#SEC3-7}
-----------------------------------------------------------------------------------------------------------

Next, we tested the genes for processing stalled forks. One of the key molecules that can process stalled forks is a structure-specific nuclease, Mus81, which produces one-ended DNA breaks for a restart of productive replication ([@B32]). Surprisingly, the deletion of *MUS81* dramatically enhanced the colony formation (∼70-fold), indicating Mus81p prevents the chromosomal rearrangement leading to amplification (Figure [5A](#F5){ref-type="fig"}, purple). Mus81 interacts with another structure-specific endonuclease, Rad27 (yeast FEN1) or Slx1-Slx4 ([@B35]). In our system, the mutation of *RAD27* flap endonuclease dramatically increased Leu+/Trp+ colonies (∼60-fold), while *slx1* mutation had no effect.

An E3 ubiquitin ligase, Rad18, is recruited to stalled forks and involved in other types of processing. Rad18 mono-ubiquitinates PCNA in response to fork stalling ([@B38],[@B39]) and loads translesion synthesis (TLS) DNA polymerase η to stalled forks ([@B40]). Rad18 can also facilitate hemicatenane formation and promote gap filling in the lagging strand behind the replication fork ([@B39],[@B41]). The ∼20-fold increase of colony formation in a rad18 mutant suggests that TLS pathway and/or hemicatenane formation contribute to suppression of the chromosomal rearrangements (Figure [5A](#F5){ref-type="fig"}, orange).

Based on these genetic analyses and earlier studies, we propose that reversal forks could be involved in the chromosomal rearrangements (Figure [5D](#F5){ref-type="fig"}). Indications of replication stress, such as fork slowdown or stalling, could accumulate positive supercoil ahead of the forks, and this can induce fork regression ([@B42]). Oncogene-induced replication stress can cause replication fork slowdown and induce fork reversal, which accumulates in MUS81-depleted cells ([@B43]). *MUS81* depletion slows replication forks in human cells ([@B44]), and *FEN1* is required for efficient re-initiation of stalled replication forks at telomeres in human cells ([@B45]). In our system, the deletion of *MUS81* did not affect replication stress in FRFR repeats ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}), inferring that Mus81p could act mainly in the processing of stalled forks and/or restarting forks in concert with Rad27p. Previously, Paek *et al*. proposed a model in which regressed forks cause chromosomal rearrangement mediated by endogenous long terminal repeat (LTR) sequences. Our model proposes that ectopic invasion from regressed forks generate acentric and dicentric chromosomes (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}).

The intra-chromosomal amplification relies on Rad52 and Mus81 {#SEC3-8}
-------------------------------------------------------------

The chromosome breaks formed in dicentric chromosomes would play important roles in initiating RCR. We here proposed that a resected broken end invades into a directly-oriented intra-chromosomal repeat and thereby initiates RCR, and tested the involvement of break-induced replication (BIR) in the RCR amplification. However, unexpectedly, a mutant of *POL32*, a subunit of DNA polymerase δ that is required for BIR, could produce intra-chromosomal amplification although the frequency of colony formation decreased moderately (Figure [5E](#F5){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). The smear signals and small copy number gains in some Δ*pol32* colonies suggest that an efficient RCR-amplification requires Pol32 ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}, gray lanes). Consistently, previous studies showed Pol32-independent BIR can cause chromosomal rearrangements and Pol32 affects the efficiency ([@B46],[@B47]). The distribution of amplification forms in this study indicates the dependency of RCR on Rad52 and Mus81 (Figure [5B](#F5){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Previously, the Pol32-independent rearrangement depends on recombination proteins including Rad52 ([@B46],[@B47]). Mus81 is proposed to cleave D-loop after strand invasion to establish replication forks, and was shown to promote BIR ([@B48]). Collectively, it remains to be characterized how the broken end initiates RCR and which proteins are required for the process.

DISCUSSION {#SEC4}
==========

We here constructed complex inverted structures and thereby traced gene amplification events seen in tumorigenesis or drug-resistance; a palindromic duplication followed by BFB cycles, extra-/intra-chromosomal amplification, and hyper-amplification accompanied by intensive rearrangements (Figure [6](#F6){ref-type="fig"}).

![A schematic model for BFB--RCR amplification. Replication stress slows fork movement so that a part of replication forks can be regressed. If regressed forks are not rescued appropriately, ectopic DNA strand invasions can potentially result in dicentric chromosome formation. Dicentric chromosomes initiate BFB cycles, during which a chromosome break can trigger RCR hyper-amplification. RCR and its associated intensive rearrangements can generate a variety of amplicon according to a combination of pairs of repeats and genetic selection.](gky275fig6){#F6}

The RCR process is possible to highly amplify a genomic segment even in a single cell cycle, whereas BFB cycles require cell divisions and thus take a long time to achieve high-level amplification. This rapid and dynamic process can arise in a small population, providing heterogeneous hyper-amplified cells with amplicon variations. The genomic variation is the basis of intra-tumor heterogeneity, a key phenotype underlying tumor malignancy including metastasis, recurrence, and drug-resistance ([@B49],[@B50]). It has been proposed that rolling-circle replication (RCR) possibly participates in amplification events ([@B2],[@B51]). However, RCR is a difficult process to study due to the transient nature. To overcome this difficulty, we have developed inducible systems for RCR-type amplification in yeast or mammalian cells ([@B11],[@B12]), and determined a characteristic feature of RCR, intensive rearrangement in amplified regions ([@B13]). In this study, the semi-natural inverted structure (not depending on inducible replication fork blocking or DNA double-strand breaks) was used as an effective approach to trace RCR-amplification and associated rearrangements, instead of analyzing complex end products formed endogenously. The semi-natural setting could cause replication stress, presenting the fork slowdown in the 2D analysis.

An elegant system of inducible fork blocking in *S. pombe* has been reported to produce acentric or dicentric chromosomes in concert with inverted repeats, depending on recombination proteins; Rhp51 (Rad51 in S. cerevisiae), Rad22 (Rad52), and Rhp54 (Rad54) ([@B3],[@B18]). A tumor suppressor, BRCA1, is also engaged in homologous recombination at inducible fork stalling on a plasmid DNA in mammalian cells ([@B52]). In our genetic analysis, however, *rad51/52* deletions did not affect the frequency of amplification, suggesting that the processes observed here would differ from those in the inducible fork-block systems. Aside from the acentric/dicentric chromosome formation, Rad52p and Mus81 would be required for processing chromosomal ends during BFB cycles or initiating RCR (Figure [5B](#F5){ref-type="fig"}).

Another line of research genetically analyzed chromosomal rearrangements between endogenous long terminal repeat (LTR) sequences, presenting a replication-based model, faulty template switching ([@B4],[@B19]). The LTR-mediated rearrangements were enhanced in *rad9*, and *rad51*, and *rad52* mutants, whereas the frequency of amplification in this study was reduced in the *rad9* mutant (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}) or not affected by *rad51/52* mutations (Figure [5A](#F5){ref-type="fig"}). The frequency of LTR-mediated rearrangements moderately increased with *mus81* mutation, which dramatically enhanced the colony formation (∼70-fold) in our system. The differences in genetic response suggest a diversity of molecular mechanism in mediating the chromosome rearrangements.

We here proposed a fork regression model for the chromosomal rearrangements (Figure [5D](#F5){ref-type="fig"}). Indications of replication stress, such as fork slowdown or stalling, could accumulate positive supercoil ahead of the forks, inducing fork regression ([@B42]). Oncogene-induced replication stress can cause replication fork slowdown and induce fork reversal, which accumulates by *MUS81* depletion ([@B43]). A point to be solved is the *RAD51* dependency of the process. Recently, whereas *RAD51* was shown to mediate fork regression in sub-lethal genotoxic drug treatments, it was shown that RAD51 depletion did not reduce fork regression under an untreated condition ([@B53],[@B54]). Consistently, in our genetic analysis, the *rad51* mutant did not affect the frequency of colony formation. These findings indicate that *RAD51* dependency of natural fork regression in untreated cells still has to be determined. We also presented an alternative model associated with single-strand DNA (ssDNA) gaps behind a replication forks ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, bottom left). This process at uncoupled forks may support the independence from Rad51 ([@B55]). Alternatively, random stochastic DNA replication errors may generate the initial recombinogenic lesion. The genomic region that the complex repeats were inserted into is reported to be a very late-replicating region, prone to generate chromosomal breaks. If the breaks can be repaired by a RAD51-independent pathway, the orientation of repeats would affect recombination outcomes, leading to BFB cycles in the case of the inverted repeats.

Mus81 is a structure-specific endonuclease ([@B56]) with diverse functions, including replication fork restart ([@B32],[@B57],[@B58]) and the resolution of recombination intermediates ([@B59],[@B60]). Mus81 plays important roles in processing stalled or slowed forks, and MUS81 depletion slow down replication forks and accumulate regressed forks in human cells ([@B43],[@B44]). Mus81 can cleave 3′-flap structures formed by invading DNA strands of D-loop structure ([@B61]). We propose that Mus81 resolves regressed or uncoupled forks to facilitate fork restarts free from ectopic DNA-strand invasions (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, red arrowheads). Mus81 complex physically and functionally interacts with Rad27 (yeast *FEN1*); mutations in *MUS81* and *RAD27* are synthetically lethal ([@B62]) and these two nucleases mutually stimulate each other ([@B35]). *FEN1* is a structure-specific endonuclease that cleaves 5′-flap structures, which could be produced during DNA strand invasion (Figure [5D](#F5){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}, red arrowheads). *FEN1* participates not only in Okazaki fragment processing during lagging strand DNA replication ([@B63]) but also has gap endonuclease activity ([@B64]), which may act similarly to Mus81. These endonucleases would prevent complex inverted structures from causing regressed forks or ectopic template switching.

Surprisingly, mutation of Rad9, a DNA damaging checkpoint protein, reduced the colony formation ([Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}). Previously, Rad9 is shown to suppress activities of some exonucleases, including Exo1, particular at telomere ([@B65]). Thus, Rad9 may suppress a pathway (e.g. Exo1) that faithfully resumes regressed or uncoupled forks ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}), and instead, such unrepaired forks may be processed harmfully by Rad9-independent pathways. This hypothesis may explain the negative impact of Rad9 on the chromosome rearrangements presented here.

In this study, the array CGH data indicated the palindromic duplications were followed by BFB cycles. Previously we demonstrated that the fusion step of BFB is mediated by hairpin-capped ends, which are key intermediates for palindromic chromosomal rearrangements. The centromeric boundary of higher copy number gain in Figure [2](#F2){ref-type="fig"} contains short palindromic sequences that potentially form hairpin-capped ends under near-physiological conditions (Figure [2B](#F2){ref-type="fig"}). BFB cycles provide an ideal structural feature for RCR initiation (Figure [6](#F6){ref-type="fig"}). The RCR process can be induced by repetitive elements, including long/short interspersed nuclear element (LINE/SINE), highly abundant in the human genome ([@B66]). By a combination of repeats and genetic selection, RCR can create a variety of amplicons, as shown in Figure [4](#F4){ref-type="fig"}. Repetitive elements further could mediate amplicon evolution through the associated rearrangements. Of the resulting genetic variation of amplicons, some may confer much higher resistance to chemotherapy or the other may acquire enhanced the ability of metastasis in cancer cells. Thus, the RCR process can be a central process that links between BFB cycles and complex end products and diversifies amplification products for cancer evolution.
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